Introduction: Experimental preparations in which cardiac and torso recordings are made simultaneously typically do not have uniform sampling around the entire surface of the heart. To fill in the resulting gaps in coverage, signals captured from the sampled region are extended to the unsampled region of the heart before being utilized in computational models. The resulting errors have never been evaluated systematically. We explored this relationship using a novel experimental preparation, and compared the resulting measurements against a set of interpolation and optimization methods.
Introduction
Previous studies have shown that an incomplete sampling of the epicardial potentials during experimental preparations creates significant error during computational modeling of the heart. [1] Many experimental preparations use epicardial sock arrays such as the Utah High Density Epicardial Sock (UHDES), which only provides coverage of the ventricles. [2] [3] [4] [5] In such cases, the missing (but required) potentials over the atria are approximated using the measured ventricular potentials. A common approach to approximate the missing signals is to interpolate from the measured data often using a surface Laplacian approach, however, it is unclear if interpolation approaches are able to reconstruct the missing atrial signals in a scenario in which only ventricular signals are measured. [6] To examine this previously unsolved question, we designed a novel torso-tank experimental preparation in which we placed a Utah Pericardiac Cage (UPC) around a Langendorff prepared heart in an instrumented, electrolytic tank shaped like a human torso. The UPC provides 256 recording electrodes that form a closed surface around the entire isolated heart.
Our goal was to leverage the complete coverage of the UPC to determine if missing signals could be reconstructed from measured potentials and if our current reconstruction technique is adequate. We sectioned the UPC into known and unknown potentials analogous to the common experimental scenario in which the superior, atrial region of the cage represented the area with missing potential measurements and the inferior, ventricular region contained the measured potentials. We devised a set of optimization problems that used the measured data to reconstruct the missing data. Preliminary results show that the optimization based approach reconstructed the missing signals with high fidelity, suggesting that these measured signals contain enough information to reconstruct miss-ing atrial potentials. We then tested a spatial Laplacian interpolation approach, which resulted in a worse reconstruction. This study suggests there is enough information contained within routine experimental recordings to reconstruct missing electrical potentials but that a spatial Laplacian interpolation is not adequate at performing this reconstruction in some cases.
Methods
Torso Tank Preparation: The isolated heart was prepared as described previously. [7, 8] Briefly, an isolated canine heart was suspended in a Utah Torso Tank (UTT) filled with electrolyte. The isolated heart was perfused by a second canine to provide circulatory support. A Utah High Density Epicardial Sock (UHDES) array was placed over the ventricles of the heart. A Utah Pericardiac Cage (UPC) electrode array consisting of 256 recording electrodes was then placed around the heart ( Figure 1 ). The isolated heart and recording arrays were then lowered into the torso tank. Continuous electrical recordings were captured from the UPC, UHDES, and UTT using a custom multiplexing unit that recorded all electrodes simultaneously at 1 kHz.[2, 3] Figure 1 . The Utah Pericardiac Cage (UPC)[. The UPC] is a 3D printed structure that has mounting holes for 256 recording electrodes; one such electrode location is circled in red. The electrode locations connect to form triangles, all of which have approximately equal solid angles with respect to the centroid of the cage. The two halves of the UPC are closed around the isolated heart and both the UPC and heart are immersed in a torso tank filled with electrolyte. The recorded signals can be mapped onto a digitized geometry of the electrode locations. Colors here represent the potential distribution at a time instant 50% into the QRS of a sinus beat.
Data Processing: Post experiment, the location of the UPC electrodes as well as a subset of UTT and UHDES electrodes were digitized using a Microscribe mechanical digitizer (MicroScribe). The UTT and UPC were registered rigidly, and the UHDES was registered as described previously. [9] The recorded electrograms were processed using "Preprocessing Framework for Electrograms Intermittently Fiducialized from Experimental Recordings" (PFEIFER), an open source MATLAB platform designed to process bioelectrical recordings. [10] We selected the following beat morphologies to analyze: a ventricular paced beat, a sinus beat, and a beat paced from a clip applied to the right atrium.
Interpolation Optimization: The UPC was divided into a 70 node superior region (comprised of electrodes from the atrial portion of the cage) and a 186 node inferior region (comprised of nodes from the ventricular portion of the cage). The ventricular region (C V ) was treated as the measurements to reconstruct the missing atrial region (C A ). We formulated two optimization approaches for reconstructing the atrial region. Equation 1 shows Optimization formulation 1 (Opt. 1), which minimizes the L 2 difference of the reconstructed atrial region potentials (DC V ) and the measured atrial cage potentials (C A ) by optimizing the matrix D that maps the ventricular potentials, C V , onto C A . Equation 2 shows formulation 2 (Opt. 2) which adds an optimization of weights (F ) of the derivative of the measured ventricular signals with respect to time (C V ).
Once we had optimized for the mapping matrices (either D, or E and F ), we reconstructed atrial region potentials by evaluating the expressions DC V or EC V + F C V respectively. We tested this optimization by first calculating these matrices for each beat morphology examined. We then calculated a surface Laplacian interpolation matrix to reconstruct the atrial potentials using the SCIRun problem solving environment (http://www.sci.utah.edu/cibcsoftware/scirun.html) and applied this Laplacian mapping to each of our beat morphologies. argmin
Analysis and Visualization Mean error was calculated according to Equation 3 where R is the matrix of reconstructed signals, M are the measured signals from the atrial region, n is the number of recording electrodes, m is the number of time points, and |R i,j − M i,j | is the elementwise absolute value difference between the two. For each interpolation method and beat morphology, R was calculated by evaluating either DC V , EC V + F C V , or LC V (where L represents the Laplacian interpolation matrix), for Opt. 1, Opt. 2, or Laplacian interpolation respectively. Mean, maximum, and standard deviation (STD) of the error was calculated for each reconstruction method and beat morphology. We performed a planar projection of the atrial region of the cage mesh in order to allow for 2D visualization of the reconstructed signals. The reconstructed signals were mapped onto the nodes of the mesh and visualized in the SCIRun problem solving environment. We chose a time point 50% into the QRS complex of each beat for visualization to highlight the differences in signal distribution between the reconstruction methods as compared to the measured signals.
Results
The reconstruction error depended on the beat selected and the reconstruction method. The results summarized in Table 1 show that the two optimized interpolation methods performed similarly across all three beats. In each case the optimized methods provided superior reconstructions compared to the spatial Laplacian interpolation. Interpolation resulted in a larger error for the sinus and atrial paced beats than for the ventricular paced beat. Across all reconstruction methods the atrial paced beat resulted in the highest error. The potential distributions of the Laplacian interpolated and the optimized reconstructed signals varied greatly. The two optimized reconstructions resulted in similar distributions that agreed with the measured distributions. The Laplacian interpolated signals showed reasonable agreement with the measured signals for the ventricular paced beat morphologies. However, there was striking disagreement between the Laplacian interpolated and measured signals for both the sinus and atrial paced morphologies. The potential distributions for each beat at 50% into the QRS complex are displayed in Figure 2 
Discussion
In this study, we investigated the ability to recapture a subset of missing cardiac potentials from a subset of measurements by use of either spatial Laplacian interpolation Figure 2 . Potentials on the basal subset of the cage for each reconstruction method across three beat morphologies. The time point displayed for each case is 50% into the QRS complex. The measured column shows the signals measured from the cage. The optimized reconstruction column shows potentials from the Opt. 1 method. The Laplacian Interpolation column shows the potentials from the spatial Laplacian interpolation. Row A shows a ventricular paced beat. Row B shows sinus beat. Row C shows an atrial paced beat. or data driven optimization. We utilized a novel recording array, the Utah Pericardial Cage (UPC), to record from a closed surface around the entire heart during a torso-tank experiment. By artificially dividing these measured potentials into an ventricular subset and an atrial subset, we assessed the reconstruction scenario common during experimental preparations in which measurements come from the accessible ventricular epicardium. We found that using an optimization based approach that incorporated the measurements in both subsets of the cage, we could reconstruct the atrial subset from the ventricular subset with high fidelity. We compared these reconstructions to a spatial Laplacian interpolation from the measured sources and found that optimized performed better across all beat morphologies tested.
We found that the atrial paced beat resulted in the highest errors across all reconstruction methods. This may be attributed to the complexity of an atrially paced beat. As expected, the ventricular paced beat resulted in the lowest errors, with even the spatial Laplacian interpolation providing comparable results to the optimized methods. This suggests that for simple beat morphologies such as a ventricular paced beats, spatial Laplacian interpolation would be sufficient.
This study leveraged an ideal scenario using the optimization problem in which the desired missing data was available and could be incorporated into the formulation, which is often not the case in typical experimental preparations. This study showed that missing signals during experiments can be reconstructed from measured signals with high fidelity if reconstructed properly. Thus, the results from the optimization approaches provide a benchmark of "ideal reconstruction" against which to compare other methods such as spatial Laplacian interpolation. This was the first study to explicitly test the robustness of any interpolation method by leveraging the novel UPC recording array. Such optimization approaches could also be reformulated to incorporate inverse computed potentials or other relevant measurements in place of the measured missing data. The optimization could also be reformulated to minimize the difference between the fully reconstructed and measured potentials forward computed to another measurement surface (such as a torso surface) and the measured potentials at that other surface, as a way to optimize the reconstruction mapping matrix. Once computed, the reconstruction mapping matrices (D, or E and F ) could be then used to reconstruct the missing potentials in subsequent beats of a similar morphology. Thus, this study lays out a general framework for the investigation and potential optimization of reconstruction of unsampled cardiac sources from a set of measured sources on a variety of measurement surfaces. Future plans include the investigation of the trends seen in the optimized mapping matrices to formulate a general reconstruction strategy from sampled ventricular signals to unsampled atrial signals. The optimization framework we developed in this study will be applied to reconstruct of unsampled epicardial sources from experiments that utilize partial epicardial recording arrays, such as the Utah High Density Epicardial Sock (UHDES).
Our study does have limitations. While the UPC forms a closed recording surface around the heart, the resolution of electrical recordings may not sample its electrical sources adequately in certain circumstances. Consequently, complex and subtle aspects of the cardiac source may be missed by these recordings. Additionally, an optimized mapping matrix found using one beat morphology did not apply generally to different beat morphologies as well as it did to to other similar beat morphologies and resulted in poorer reconstructions. This finding suggests that the optimization formulation could be improved to account for variability in beat morphology.
